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ROUGH SURFACES
William K. Blake
Naval Ship Research and Development Center
Bethesda, Md.
20034

ABSTRACT

a.

Uram^ measured in a wind tunnel the streamwise, u, and vertical, v,

turbulence intensities, and the Reynolds stress, - uv, distributions over
This paper is a discussion of recent measurements of the statistics of
five rough walls.

Four of the walls were roughened with right circular

the turbulent velocity and wall pressure fields in rough-wall boundary
cylinder elements whose axes were normal to the plane of the plate, the fifth
layers.

These measurements, made in part by the author, have been performed
wall was roughened with a natural roughness.

The results reviewed here are

over a variety of walls covering a wide range of roughness sizes and configfor Uram's plates B and D^ which have the cylinder heights of 0.11 inch (B)
urations.

The various measurements are compared in order to determine the
and 0.037 inch (D); the element distribution resembled a face-centered pat-

structure and scaling parameters of the turblulent field convected at speeds
tern with streamwise distances between rows 0.219 inch (B) and 0.163 inch (D)
near the mean velocity of the boundary layer.

The mean square turbulent
and distances between elements in a row of 0.438 inch (B) and 0.188 inch (D) .

velocities, their one-dimensional spectral densities, and their longitudinal
Cylinder diameters were 0.125 inch (B) and 0.150 inch (D).
and vertical microscales are compared for different walls.

The third set of

The velocity
Uram's results selected here is for the plate with roughness resembling

fields are shown to be similar when described in terms of local mean
natural corrosion which was molded from the corroded hull of a merchant
velocity, friction velocity, and displacement thickness.

Turbulent produccargo ship.

tion and dissipation rates, which are derived from the measurements, are
b.

An average roughness height, kg, for the wall was 0.043 inch.

2 3
Measurements by the author, Blake ’ included the statistics of both

also discussed.
pressure and velocity fluctuations on a wind tunnel wall roughened with sand.
Recent measurements of wall pressure fluctuations are also reviewed.
The grains were randomly and uniformly spread over the test surfaces.

Two

The wall pressure spectrum levels on rough walls are shown to increase with
insitu- mean roughness heights, kg, were used.

One, k^ = 0.056 inch, had

local mean wall shear through a dependence on the vertical component of
mean separations of 0.085 inch (D-S) and of 0.172 inch (S-S) the other, k
turbulent velocity by a mean shear-turbulence interaction.

=

Finally, the
0.092 inch (D-L), had a mean separation of 0.138 inch.

Auto- and cross-

dependence of the high frequency convected pressure field on the insitu
spectral densities of wall pressure fluctuations were obtained.

Turbulence

roughness size is discussed in terms of the mean shear-turbulence intervelocities u and v, and their spectra, as well as Reynolds stresses, uv,
action.
were also measured.

Measurements on these walls were extended by Burton^

who obtained pressure-velocity correlations over rough walls.

INTRODUCTION

c.

Arndt and Ippen"* measured longitudinal turbulence intensities over

Recently, numerous experimental investigations have been undertaken in
two-dimensional grooves of triangular cross sections.

The roughnesses were

order to determine the characteristics of the turbulent velocity and pressure fields in rough wall turbulent boundary layers.

mounted on one wall of a rectangular water tunnel.

Results quoted here are

for the 0.0125 inch and 0.10 inch height grooves.

The peak-to-peak distance

However, complete

statistical descriptions of the three fluctuating velocity components as well
between grooves was equal to twice the groove height.
as the fluctuating wall pressure for families of roughness configurations have
d.
not been undertaken in any single measurement program.

The results obtained by Robertson, Burkhart, and Martin** in sand-

This paper is an
roughened and naturally corroded circular pipes are included for their value

interpretation of a number of these rough wall turbulence measurements which
in describing the longitudinal turbulent microscales.
cover in scope both the turbulent velocity and wall pressure fields.

A 3-inch diameter pipe

The
roughened with 0.035 inch average grain-size sand spaced approximately 0.04

list presented here is meant to be more representative than exhaustive.
inch apart, and a naturally corroded 8-inch diameter pipe with insitu proSpecific investigations have been selected in order to deduce the turbulence
trusion heights of less than 0.016 inch were used.
structure of the rough wall boundary layers by comparing the results of those
e.
long-established for smooth wall boundary layers.

Wall pressure auto- and cross-spectral densities were obtained by

In many cases, original
Aupperle and Lambert'* on three sand-roughened walls.

Insitu roughness

data has been reworked in order that all the results presented here can be
heights of 0.0853, and 0.256 inch were used.
discussed in a commom framework.
Investigations a, b, and c were made in zero or nearly zero pressure
OUTLINE OF EXPERIMENTAL CONFIGURATIONS

gradient "fully rough" wall boundary layers.

In this sense the plate Rey-

noIds number based on distance from the leading edge,

U^x/v, was high

A few principle investigations have been selected because they cover
2
a wide range of flow statistics on a limited range of roughness configurations
or they cover a few representative measurements made on a large number of wall
types.

All investigators characterized the mean velocity profile U, the

enough so that mean friction coefficient, Tw /*5 pU^ was Reynolds numberindependent.

Aupperle and Lambert's investigation was in a slightly favor-

able pressure gradient.

Judging from the wall shear coefficients obtained,

friction v e l o c i t y V , and t h e boundary layer displacement and momentum
+ ri L
thickensses, 5

and 0.

avoid confusion in referring to original papers.

however, their measurements appear to have been obtained in a fully-rough

velocity components are compared for numerous wall configurations in Figures

flow condition.

3 and 4.

The mean velocity profiles of Blake's and Uram's investigations are
shown in defect form in Figure 1.

Agreement with the universal defect form,

see for example Hinze,®

The results of Blake and Uram show that when normalized on UT

and 5, the intensity profiles are well represented over a range of Reynolds
numbers covering nearly a decimal order of magnitude.

Compared to smooth

walls, the maximum longitudinal intensity occurs further from the wall and
this maximum is less definite over rough than over smooth walls.

- U

5.75 log y/S + 1.38 (1 - sin2 ^ /5 '

(1)

the walls the longitudinal and vertical intensities are lower relative to U
than over smooth walls.

is good.

In equation (1), U^ is the free stream velocity and 5 is the

boundary layer thickness.

Vertical distances, y, are measured from a datum,

e, above the valleys of the roughness protrusions.

The location of this

datum is dictated by prescribing a semi-logarithmic mean velocity profile;
the graphical procedure for calculating € has been outlined by Perry and
Joubert®.
procedure.

The friction velocity was also determined by this curve fitting
The measured boundary layer thickness, 5

has been deter

Very near

Arndt's results, Figure 4, agree well with those

of Uram and of Blake for kg/5 = 0.13.

The same trend of weak roughness

height dependence was determined by Liu, Kline, and Johnston1-*- at lower
Reynolds numbers in water.

Thus it appears that, contrary to smooth wall

intensity behavior, the Reynolds number dependence is suppressed somewhat
when the geometric roughness height is a small fraction of the boundary layer
thickness.

For larger roughnesses, the friction velocity increases faster

than the longitudinal intensity as roughness height is further increased and
the maximum intensity occurs farther from the wall.

mined by the distance from the wall for which the mean velocity is 0.995

Figure 1 - Mean Velocity Profiles Over Rough Walls
Figure 3 - Relative Turbulence Intensities Rough Walls from Blake (1969).

the free stream velocity.

Figure 4 - Turbulence Intensities Over a Variety of Rough Walls, Points
are from Uram (1966).

Figure 2 shows the shape factors for the Uram and

Blake investigations; they generally depend on friction velocity as outlined
by Clauser*’® for zero pressure gradient equilibrium boundary layers.

The

There is little information available on lateral, w, turbulence intensities.

12

Corrsin and Kistler s

results over corrogated walls show w/v to

results of Arndt (not shown) are in agreement with these results.
be about 1.2 throughout most of the layer.
STATISTICAL DESCRIPTION OF THE FLUCTUATING VELOCITY FIELDS

by Yeh and Nickerson
A.

Over smooth walls its profile

resembles more that of the vertical intensities.
13

More recent measurements

are substantially in agreement.

Those measurements,

Turbulent Intensities and Reynolds Stresses

however, were made following a step change in roughness and only in the

The root mean square longitudinal, u, and vertical, v, turbulent

*
inner portion of the boundary layer, y < 2 6 , could the flow be considered

distance from the wall.

Also at nearly corresponding positions( y/S*, there

Supporting this assumption is the observation that very near the wall, say

appears to be an increase of the low wavenumber spectrum level with increasing
momentum thickness Reynolds number,

0/v

*
within y < 6 , both the pipe-flow and boundary-layer mean velocity profiles
are universally characterized by the law of the wall.

This is not unreasonable since

Microscales measured

by Yeh and Nickerson downstream of a step change in roughness agree with the
this spectrum range is generated by the large eddy structure which is in
other measurements.
timately related to the level of turbulence production.
D.

*
Finally, Figure 10b shows normalized vertical microscales, A /6 , ex

Turbulent Velocity Microscales

tracted from Uram's vertical correlations.
sensitivity to wall condition.

The turbulent longitudinal microscale, Ax > is defined by ■

The measured values do not show

Klebanoff's smooth wall results are similar

*
to those obtained over rough walls, A^ = 6 / 3 throughout a major portion of the
boundary layer.
(7)
WALL PRESSURE SPECTRAL DENSITIES

Values are obtained either by integrating the longitudinal wavenumber spectra
Wall pressure auto and cross-spectral densities have been measured on
or by measuring the mean square time derivative of the velocity.
requires assumption of Taylor's Hypothesis.

Each method

The vertical microscales,

2 3
7
sand-roughened walls by Blake ’ and by Aupperle and Lambert.

Representative

pressure spectra measured by Blake are shown in dimensionless form using the
■k

defined by •

outer flow variables U^ and 6

in Figure 11.

At low and moderate frequencies

2
\ 2 '

! "2< >

ifeUJ*
I v

were determined from the osculation parabola drawn tangent to the maximum of
is nearly constant.

the vertical separation correlation of longitudinal velocity :

In the frequency range 0.4 <

— < 1.5 spectral similarity
U

(8)

Ruu(ry>y> = < u (x,y,z,t) u (x,y + ry ,z,t)>.

has been attributed to convected pressure sources situated in the boundary
layer at distances above the wall 0.1 < y/5* < 0 .3.

The brackets denote time average.

At very low frequencies,

Only Uram has made the vertical correla
< 0.4, the spectrum on the wall with the large densely packed grains is
U00

tions over rough walls with enough detail that the microscales could be

somewhat lower than that on other walls.

This difference is not understood.

determined.
Furthermore, cross spectral densities^’^ measured in very narrow frequency
Figures 10 a and b summarize many measurements over both smooth and
bands have disclosed low phase speeds in this frequency range.
rough walls.^

When normalized on displacement thickness,

Both smooth

Ax/S* generally
and rough wall phase speeds have been shown to increase with frequency.

increases with y/5*.

On

Close to the wall, y/5* < 0 . 2 , the microscales vary
the other hand, Bull's”^

slowly with y within the limits ?^/5* ~ 0.2 to 0.5.

results show the very low frequency phase velocities

Klebanoff* s ^ results
to decrease with frequency; this discrepancy has not been resolved.
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O
A
O
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for the smooth wall fall within the scatter of the measurements.
values were obtained from measurements using Equations 5 and 7.

The author's
This re

quired some extrapolation of the spectrum at high wavenumbers which accounts
for nearly 20% of the computed X^.

Figure 11 - Wall Pressure Spectrum Smooth-Rough Comparison, Normalization on
Outer Variables

Also it must be emphasized that the re
Also, as discussed in References 3 and 7, the wall pressure cross spec

sults of Robertson et al.^ were obtained in a pipe flow.

Comparisons of pipe
*

flow and boundary layer flow measurements are assumed valid for y/6

^2.

*
6

is computed from Robertson's velocity profiles and the curvature of the pipe
•k

wall should not be too important since 6

is much less than the pipe radius.

tral densities appear to be similar over all rough walls examined and they
indicate that over rough walls streamwise spatial coherence is reduced from
that observed over smooth walls.

Rough wall pressure coherence is apparently

lost in about one wavelength; smooth wall pressure coherence over 3 wavelenths.
^ Uram's longitudinal microscales, as he presented them, are nearly a decimal
order of magnitude higher than those summarized in Figure 10a. Furthermore
they are not consistent with his reported dissipation rates.

Lateral coherence is apparently unaffected by roughness.

These results are

entirely consistant with Chowdhury's broadband velocity correlation results.

The data in Figure 11 are non-dimensionalized on the wall variables
U

and £ g in Figure 12.

In this case the high frequency region of the

spectra for the different walls collapse reasonably well.

The results of

Aupperle and Lambert, which are also included in Figure 12, cover a much
wider range of roughness sizes relative to 5* than those used by Blake.
Except for the wall with the smallest grains, 0.028 inch grain-size, the
spectra reported by Aupperle and Lambert are in agreement with Blake's for
>5.

At lower frequencies spectra determined in the two investigations

U
T
diverge with decreasing frequency.

This discrepancy is not uncommon for

smooth-wall boundary layers; rarely do low frequency spectra measured by
different investigators agree.

It is possible that the large-scale pressures

are somehow related to the dynamics of boundary layer growth and turbulence
production as are the low frequency velocity-spectrum levels.

Figure 12 - Rough Wall Pressure Spectra Normalized on Wall Variables

Furthermore,

these spectral discrepancies may not be unrelated to the discrepancies in
low frequency phase velocity mentioned above.

ranges, but this importance has never been shown.

tion of Equation 9 will be applied in discussing the effects of roughness on

Mid- and high-frequency pressure fluctuations over rough walls have

the wall pressure spectrum.

been shown1 to be expressible in terms of the different velocity and length
scales (U^, 5*) and (UT, k^) respectively.

Over smooth walls, however, the

high frequency convected pressure field appears to be governed by the vis

Consideration is restricted to fluid disturbances whose length scales,
— , exceed the geometric roughness height and the mean roughness separation
kl
distance.

cous length velocity scales

v/U^and

.

Thus we idealize the flow above the x2 = 0 plane as consisting of

These normalizing factors have
eddies convected at speed U

for which

been selected to distinguish between pressure sources in the separate re
gions y > 0.26 and y < 0.2& respectively.

Lilly's form of the solu

At high frequencies the convection

< 2it and neglect the contribution
Uc

to the pressure field from turbulent flow in the interstices.

The following

velocities nearly equal the mean velocity at the roughness tops which places

analysis will show that spectral densities of Figure 11 for smooth and rough

these sources in the y < 0.26 region.

walls can be considered as due to a turbulent flow field similar to that over

Aupperle and Lambert have proposed a

similar scaling, ifiis, where k is the equivalent sand roughness (see
uT
19
), for the frequency. Their spectrum caling has an extra wall

smooth walls, but displaced a distance x2 = e

Schlichting

the troughs of the roughness elements.

shear coefficient term, i.e., they use

identical to the datum shift for the mean velocity profiles as defined by
Perry and Joubert.^

above the mean surface through

Furthermore, the length (kg - e) is

> 10 or 20, this simplified

At high frequencies, say
Uoo

k t 2C,
s w f

description of the flow field turns out to be inadequate.

Since geometric

It brings the various spectra into coalescence so it appears to have a more

roughness size still appears to best describe the high frequency spectra we

empirical than theoretical

can only conclude that intersticial turbulent flow is dominant at high fre

basis.

In the following section, we analyze the

roughness effect on the pressure spectrum and develop a plausible relationship

quencies.

According to measurements made by Liu, Kline and Johnston,11 mean

between the smooth and rough wall spectra.
shear can be small in the intersticial region so that we make the further
speculation that a turbulence-turbulence interaction may be dominant at high
CONTRIBUTION TO THE WALL PRESSURE SPECTRUM BY MEAN
SHEAR TURBULENCE INTERACTION

frequencies.
Under conditions that the fluctuating pressure vanishes far from the

The generation of wall pressures by the turbulent velocity field in the
wall and that on the wall x 2 = 0,

- 0, Lilly21 has given a solution of

boundary layer has been analytically treated by some authors, among them
Kraichnan

20

and Lilly.

21

Equation 10 for the wave number frequency spectrum of wall pressure:
The procedure involves the determination of an

approximate solution to:

3u2 a u £ . t )

V p(x,t) = - 2p
o 3x^

8X 2

4

k2

$p p ( k ’ “ ) = —

“

°°
{

|

k(
e

' )
2

2

t

(x 2 )

t

( x '2 ) $ v ( x 2 , x 2 I k . i ^ d x j d x ^

(10)

o

(9)
po Sx^SXj

Here, k lies in the plane of the wall with k^ in the flow direction:
which applies under the tentative assumption of flow incompressibility.

Here

p is the fluctuating pressure, X 2 is vertical distance, U is the mean velocity

i’v (x 2»x 2 ;k.w) is the cross-spectral density of the vertical velocity field;
and t(x2> = ^

is the mean shear.

In order to apply Equation 10 to the case

and u^ is the fluctuating velocity at any position x and time t in the boun
of wall pressures on rough walls, we consider the x 2 - 0 plane to be the plane
dary layer turbulent field.

Only the term involving the mean velocity
through the troughs of the roughnesses and this plane is assumed flat.

gradient will be retained henceforth;

In

this term called by Kraichnan the
subsequent approximations of Equation 10, we assume a separable analytical

"mean shear-turbulence interaction" was estimated to exceed the second term
model for the vertical velocity spectrum.
by at least a decimal order of magnitude.

We let

The second term, the "turbulence-

turbulence interaction" term, may be more important in specific frequency
$v (x2,x 2 ;k,u) = v 2(x 2)Rw (x 2 _ x2 »x2)$i (V

'

W

$m (kl " “ /Uc)

where v

At high frequencies we must consider the ^-integration which is:

Rw (r 2 -x2 >x 2)

is the mean square vertical velocity, see Figure 3 and 4.

is the normalized vertical separation correlation of the vertical velocity
analogous to Equation 8 .

*3 ^ 3)

and

j
f

are wavenumber spectra which

- " 2 “ /Uc
Rw (r2’y)T(r2 + y) e

dr2

-y-c
describe independent variations with longitudinal, kg, and lateral, kg,
wavenumber.

These spectra are the Fourier transforms of the normalized

The shear term has been approximated by Lilley as:

longitudinal separation and lateral separation correlations of vertical veloc
u
ity.

^ ( k g - m/Uc) is the moving axis spectrum.

-(y/5) = Cg

It describes the frequency

‘ y f /&
e

dependence of the velocity field in a reference frame moving at the field
convection velocity Uc .

In a truly frozen eddy field it is a delta function.

Under the assumption of nearly frozen convection, Taylor's Hypothesis may be
invoked in integrating Equation 10 over all (kg,kg).

Thus letting x 2 - x 2 =

where Cg and Y are given by the derivative of Equation 1 for both smooth and
rough walls.

Ry^r.jy) is assumed to be even and to behave exponentially in

rg as well as being independent of y.

Using these assumptions the integral

r, we have:
can be approximated by:
V
+ y - b A 2) y + £
6
Uc

<f(k,w) dkg dkg

$ (u > )

-

4po 2 if
m

f

f

dx2

j

— + Y - S/x,
U„
A2
dr 2v 2 (x2)Rv v (r2 ,x2)T(x2)x(x2 + r2) ^

J

*itr>I C5T»x 2*r2)
C

C

C

6 /X„ > 1.
2

+ y -

for
U

The length X 9 can be interpreted as the vertical
*

c
microscale of Figure 10b.

_/

N

0)

and y - 3.

-[2*2 + r2V 1 + % ? V

r _____ 1

2/1r

J 1 + (kg/kg)^
(k

j

e

The above approximation for the shear can be made

to agree within a factor of 2 with the derivative of Equation 1 if cj = 55

K — .*2 *c 2)

V i

yy/5

--U [J ]
e

-[—
uc

k,
d(-i) (11)

*

The normalized wall pressure spectrum can finally be written as:

^ ^ = 8
t.

h

.5

*\

c 2

d (y/6 )

1

VZ

:r-)
u""2 U„ M
*1VU

\

-(7
Uc

and.4> ( 7 T~)jT-

— ]y/s*
a2

( ^
Uc

8*

He have assumed ig (kg’)

-

Uoo

V

)
A2
(13)

Xo

is given in Figure 7.

2A

The integration over kg must be considered in the separate frequency domains,
(l)Xg

2

UAg
< 1 and — — > 1.

The y-dependence has been neglected since —
U
rough walls.

In the high frequency domain, the exp(-ax ) term is

c
C
k
k3
dominant and the integrand is of moderate value only for r— «

Also we assume 1^2)2. > 1.
U
c

c

> 0.5 > y—
“ 6

for smooth and

The integrand exponentially decreases

*

1.

Thus we

with increasing y /6 , so that the turbulent flow close to the wall appears

K1

to dominate the pressure field.

approximate:

*

the y /6

[2x2 + r2 ] #■
V l T

behavior of the normalized mean-square velocity, and its spectrum

in the integrand of Equation 12 are nearly similar over both smooth and rough
(12a)

, for

’X 2’r 2> 1 2 e

The previous discussions have shown that

walls.

uA.
In the low frequency domain, —— *< 1, the exponentials are not dominant and

The normalized pressure spectra of Figure 11, however, are not

similar and Equation 12 shows that the datum shift, e, for the locally con
vected boundary-layer turbulence reduces the high frequency wall pressure

we have:
levels by a frequency dependent factor.

10A,

1

(■

fcr.x,, r_) = —
U
" Uc 2 2
2 /7

----- ------ r d(k,/k )
_ i 1 + (k 3/ k g ) 2
3 1

2 U

(12b)

Inside the roughness, especially

*
close to the wall, y /6 < 0, Liu, Kline and Johnston s results indicate
that the turbulent velocity and the mean velocity profiles are small.

The

integrand of Equation 13, therefore, has only a weak dependence on the lower
The preceding sections have shown that the turbulence intensities, mean
bound of integration.

The maximum in v 2/Ut2 is at y /6

= 1 ; thus it is

velocity, turbulent microscales, and velocity spectra are all similar over
apparent that the integral in Equation 12 is only slightly affected by modest
smooth and rough walls when the vertical datum is shifted.

We let y = x 2 - e
changes in e.

The major dependence then, is exponential;

the ratio of rough-

so that including the approximation of Equations 12 we have:

4P 2

r

4>(m) = -xj2CO

r

r

-j

u„

dr2 v (y) —

dy
J

1

-e

-y-e

to-smooth wall normalized spectrum levels should decrease with e as exp [- ^ - x2-].
Uc
A2
$g(jjr-) Rv v (r2 ,y)T(y)x(y + r2) . . .

C

For the rough wall of Figures 3, 8 , and 11, e/k^ was found by curve

C

fitting measured mean velocity profiles to Equation 1 (See Perry and Joubert).

o>A_
2 exp (-2m e/U )-exp[(2y + r,)m/U ] , xx— >1

Resultant values are 0.544, 0.51, and 0.425 for the D-S, D-L, and S-S walls

u>A,
/if/2 rr—

respectively.

The differences between spectra in Figure 11 are shown as a

function of

in Figure 13.

cluded for comparison;

The attenuation factor exp [-

If

-] is in

the factor x— is approximately 1/3 near the wall.
2

This result is identical for smooth and rough walls at low frequencies.

2d)E
U

suits were extracted for the frequency range 2 <

< 20 ;

for higher fre

•k

we further assume A

= A , then very near the wall, say y <_ S , we have

*
^
Ag ’ 6 / 3 from Figure 10a.

Uc
Also —

= 0.5 very near the wall assuming the

convection velocity equals the local mean velocity;
*
limit applies for ——
< 1.

Re-

*

quencies the rough wall spectra exceed the levels predicted by Equation 12.
This high frequency range corresponds to mko > 1 which begins to exceed the

then the low frequency
upper limit of validity for our neglecting the flow through interstices.

streamwise eddy coherence, however, appears to be reduced by a factor of two.
These measurements are thus consistent with the broad band velocity corre
lations which show reduced spanwise coherence.

The wall pressure measurements,

however, show that the reduction of coherence is similar for all convected
wave numbers of the pressure field, i.e., the coherence appears to be lost in
distances which are constant multiples of a disturbance wavelength.

An im

portant consequence of the cross spectral density and correlation measure
ments of the wall pressure fields given in References 3, 4, and 7 is that
although there is a modest reduction of pressure field spatial coherence by
roughness, this reduction is nearly similar for all roughnesses studied.
However, as shown in Reference 7, the coherence of the pressure field in the

At these high frequencies the incompressibility assumption made at the
outset may no longer be applicable.

immediate wake of large protrusions can be somewhat altered.

Intersticial flow about roughness

We conclude that

the effects of changes in roughness are apparently restricted to alterations
elements can undoubtedly result in undetermined levels of acoustic radiation.
in the level of the pressures, but not in pressure field coherence when the
Chanaud

22

has observed high frequency acoustic radiation from sand-roughened
coherence is measured over distances large compared to a roughness separation.

rotating disks.

The radiation, directed 70° off the normal to the disk sur

face, was attributed to the occurrence of intense Reynolds stress fluctuations
very near the rough wall.

A crude approximation derived from Chanaud's re

SYMBOLS

sult suggests that this radiation existed for dimensionless frequencies

o

Uc

cf

wall shear coefficient, twAs pU^

above 1.6 (corresponding to the observed lower limit of 10 kHz and an assumed

D

dissipation rate

U /Uco = 0.5) .
c

k

wavenumber;

\

geometric insitu roughness height

k

Reciprocal of the Kolmogoroff dissipation length

Burton's normalized pressure-velocity correlations have shown little
variation with wall roughness.

These measurements were made in broad fre•k

quency bands so that the frequency range

— <2

by roughness.
count for this.

p

fluctuating pressure

R
uu

Correlation of u component turbulent velocities;
vertical component correlation

r

spatial separation variable

or 3 probably dominated

U

the measurement.

8

subscripted 1 for streamwise, 3 for lateral

c
Only the maxima of the correlations were slightly affected

subscripted w

for

Changes in the band width of the pressure spectrum could ac
t

time

u

local mean velocity

u„

mean velocity outside the boundary layer

u

friction velocity /t /p
w

The results generally support the hypothesis of rough and

smooth wall turbulence similarity.

CONCLUSIONS

T

U

The preceeding dicussions have shown that the turbulent velocity field
structures over rough and smooth walls are similar.

Near the wall, the mean

square turbulent velocities have been observed to be well represented in

streamwise component of turbulent velocity

V

local mean vertical velocity in the boundary layer

V

vertical component of turbulent velocity

w

lateral component of turbulent velocity

X

dimensionless form using the velocity and length scales, U
are characteristics of the inner boundary layer, y <

and 5*.

0.25.

xi

General boundary layer spatial coordinates with origin x~ = 0 in the
troughs of roughness interstices. Subscripts 1, 2, 3, for streamwise
vertical and lateral respectively.

y

local normal wall coordinate; y

The large

scale turbulent eddy structure appears to be unaffected in the lateral and
vertical planes by wall roughness.

streamwise coordinate

These

= x2

-

t

Streamwise elongation of eddies is sup
Greek Symbols

pressed by wall roughness and this is possibly associated with apparently
6

higher vertical turbulence diffusion rates in the upper strata of the boun
dary layer.

boundary layer thickness
*

6

displacement thickness

e

distance of y locus above the troughs among roughness protrusions so
that u « log y

e

momentum thickness

X

turbulent microscale

More turbulent mixing and accelerated boundary layer growth are

both consistent with these higher rates.

Also the small scale turbulence

structure near the wall, as represented by the microscale, appears to be
proportional to boundary layer displacement thickness.

V

fluid kinematic viscosity

p

fluid density

The wall pressure fluctuations appear to be generated by the convected
turbulent field through a mean shear-turbulence interaction.

The effect of

T

W

local wall shear stress

small scale pressure sources near the wall is attenuated by the vertical

$v (x2 ,x 2 ;k,io)

dislocation of the mean boundary layer flow by the roughness.

$pp(k,u)

wavenumber - frequency spectrum of wall pressure

^(k^

wavenumber spectrum of vertical velocity corresponding to Fourier
transforms of spatial correlations without time delay

<t>u (to)

auto-spectral density of velocity fluctuations; subscripted u
for streamwise, v for vertical

Larger scale

disturbances are not attenuated; they generate low frequency wall pressure
levels which increase with wall shear and displacement thickness.
The measured wall pressure cross-spectral densities show negligible

ef

TO

♦ (w)
fects of roughness on the lateral coherence of the pressure field.

The

cross spectral density of vertical velocity field

frequency spectral density of vertical velocity fluctuations in
co-moving reference frame

DISCUSSION
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